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A shield around a two-wire line has little effect on the balanced currents, except to change their characteristic impedance; but it does eliminate the radiation of the unbalanced components by providing a return path for the currents so that they also behave like true transmission-linetype currents. This situation is usually spoken of in terms of a transmission line which has two propagating "modes," balanced and unbalanced. On a uniform, symmetric"! line composed of good conductors, these two modes can exist and propagate entirely independently, just as in the case of a waveguide operating at a frequency such that more than one mode can propagate. Each mode cin be considered as existing on a separate line, with its own generator and load terminations. The only possible additional factor which must be taken into consideration is the coupling between modes at the generator and the load. This can be accounted for in the separate-line model by representing both generator and load as two-terminal-pair networks, connected between the two lines. In the scattering-representation matrix for these networks, the S,, and S ?? factors are in the nature of self-reflection coefficients, while the S, ? and S,, factors represent coupling between modes, and can be considered as mutual reflection coefficients. Inasmuch as the two modes actually exist on the same line, this scattering matrix may be considered a type of generalized reflection-coefficient matrix, with elements PL_ andl\, TT Coupling between the modes usually exists only because of some physical dissymmetry of the line or terminations. If this can be avoided, the two modes can be treated entirely independently. Systems with couplings between modes can rapidly become too complex for analysis; and because such couplings usually arise unintentionally, most of the following work will be done on the ideal assumption that none exists. However, after an analysis of the measurement problem concerning the component waves, a development of the gener-L r TR133 -3-alized reflection coefficient matrices for simple tee-and pi-terminating networks will be given, to show how cross-coupling arises and may be treated.
B. Measurement of Component Waves
Following the notation of Tomiyasu [l] , the potential of each of the two wires of a shielded two-wire line, with respect to the shield, may be writtenas: To date, the most accurate means of impedance measurement on long ransmission lines has been by examining the voltage (or current) standingwave distribution using a sampling technique. The usual quantities actually measured are the standing-wave ratio, p, and the position of the standingwave minimum with respect to the terminal plane of the impedance being measured. On the shielded two-wire line, it is convenient to measure these same quantities on each of the lines independently. However, an examination of Eqs.
(1-1) will show that there are essentially eight independent quantities, corresponding to the amplitude and phase of each of the four complex coefficients. Inasmuch as the determination of relative values only i3 necessaryfor impedance calculations, one of these coefficients may be considered arbitrary.
The measurement of the other three is then necessary for determining the three independent, complex reflection coefficients of the termination; tVus cannot be accomplished by measurement of the two standing-wave ratios and positions alone. One alternative is to include a measurement of relative time phase, which is generally considered difficult. Another alternative is to eliminate one of the component waves during a particular measurement; this can be done to one of the incident waves only, as the reflected waves will be produced by the unknown termination itself. If the generator excites only one mode, and if the reflected wave in the second mode is completely absorbed, there will be no incident wave in the second mode.
Tomiyasu [ 1] has shown how to eliminate the unbalanced incident wave in this manner, and gives curves for the calculation ofr RR andf"' _ from the resulting measurements. In order to determinef\ TTT andP Rn , a second similar set of measurements has to be made, with the balanced incident wave eliminated.
C. Reflection Coefficients of Simple Terminating Networks
The possibility of representing a generalized termination of a shielded two-wire line in terms of a two-terminal-pair network connecting the two modes has just been discussed; furthermore, a/w two-terminal -pair network can be represented at a given frequency by a simple three-element tee or pi-network, with perhaps an ideal isolation transformer. It is the purpose of this section to develop the relationship between the elements of both a tee and a pi-terminating network and the elements of the generalized reflection coefficient matrix.
Simple tee and pi terminating networks fcr a shielded two-wire line are shown in Fig. 1-1 ; the shield constitutes the common gruund connection, and the voltages are specified relative to the shield. Assumed positive di^-ec tions of currents are as shown.
In the general expressions (1-1) for the voltages on the two wires, the identification of the terms A and D as incident or forward-propagating waves implies that the distance x is measured in a positive direction away from the generator. T"R zero reference point for x is, however, quite arbitrary; and 
Expressing the voltages and currents in terms of the component waves from (1-lc), (1-ld), and (l-2a), these become:
Setting D = 0, and eliminating B and C in turn gives:
where A = ^ + Z cB )(Z 2 + 2Z 3 + Z cU ) + (Z., + Z^MZj + 2Z 3 + Z^)
Setting A = 0 in (1-5) gives:
It is interesting to note that the normalized cross-coupling coefficients are equal, that is: 
Pi-Network
The following relations may be written for the pi-network of Fig. 1 -lb:
Combining these to eliminate II, IL, and I-gives:
(1-10)
Expressing these voltages and currents in terms of component waves, from
(1-lc), (l-ld) : and (l-2a),
Setting D = 0 and A = 0, in turn, and solving as above, 
In the conventional development of transmission-line equations, a number of quantities are usually introduced which have some physical significance and at the same time specify the electrical properties of the line. These quantities are Z , the characteristic impedance, and -y=Q+jp the complex propagation constant, composed of a, the attenuation constant, and p, the phase constant. In order to measure any actual impedances on a transmission line, it is necessary to know these constants for the line. A set of such constants may be defined for each mode which propagates on the line. These constants will now be determined for the particular type of line vised for the hybrid junction as shown in Fig. 1 -2.
Characteristic Impedance
The characteristic impedance is defined as the complex ratio of voltage to current at any point on a uniform transmission line of infinite length. Alternatively, it is that impedance which will terminate a transmission line of where Z is given in ohms if C is in farads per meter [ 2] .
Frankel [ 3] gives the characteristic impedance of a two-wire line in In order to determine the capacitance per unit length for this configuration, it is necessary to evaluate the potential on the surface of the wires, which are assumed to be perfect conductors of circular cross section.
It is then necessary to require the radius of the wires to be small compared to the distance between them and to the distance to any side of the shield, for two reasons: to permit use. of the fact that small circles in the z-plane transform into circles in the w-plane; and second, to permit the distance from one wire to any point on the surface of the other to be replaced by the distance between centers. This approximation is equivalent to the assumption that the angular charge distribution around the wires is uniform. With these assumptions, the potential between wires is: For points near the bircular boundaries of the wires (whose boundaries do not coincide with points of the rectangular net), a modified form is used for averaging) weighting each of the surrounding points according to its distance from the point being improved.
For the line with the dimensions given above, the first approximation was made with a point spacing h = 0.10 inch. Values of potential thus obtained were used for the first approximation in a second net with h = 0.0 5 inch, and similarly for a third net with h = 0.025 inch. For each net, the normal derivative of the potential for each net point on the boundary was calculated, and the total charge on the boundary determined by Simpson's rule for integration, from which the capacitance per unit length was calculated.
The final net (h = 0.025 inch) for both balanced and unbalanced modes is re- The resistance of each element of the line, R., is then inversely proportional to its cross-sectional perimeter, or 1. 57 ohms/meter for each wire, and 0. 238 ohms/meter for the shield.
The current at each point on the surface of the wires can be determined from the potential plots shown in Figs. 1-3 and 1-4 calculated by the relaxation method, using the formulas for the surface-current density, K,
The normal derivatives of the potential as given in the above figures, which 8 6' may be called --, are related a n the net spacing. Consequently, may be called --, are related to the actual -jr-by a factor 1/h, where h is * 9 n on
hi, an
The total mean-square current on each conductor is then:
(1-24) 1 w ds where the line integral is . <iken completely around the surface of the conductor. A numerical method of integration is used on the results of the relaxation calculation of the normal potential derivatives; and a normalizing factor N is incorporated to correct for differences between the total current on each conductor as found by the relaxation method, and the total current which would flow on a matched line with the same applied voltage. N will be the square of the ratio of these two currents. The attenuation constant is then given by.
1 dp . . The two-wire hybrid junction described above has the desirable feature of being essentially frequency-insensitive, since its properties are based chiefly on physical symmetry alone. The only frequency-sensitive elements are the quarter-wave stubs which permit series and shunt connections at the same point (without resorting to such mismatched structures as current loops).
However, for frequencies from 0.5 to 1.5 times the design frequency, these stubs effectively shunt a fairly high reactance across the series arms, which can be matched out if necessary. The actual construction of the experimental model is such that the position of the short-circuiting bar terminating these stubs is adjustable (by means of a threaded rod inserted from either end of the shunt arm), so that the length of the stubs can be made equal to a quarter-wavelength from 200 to 1000 megacycles.
The bi-conjugate properties of a hybrid junction make it useful as an impedance-measuring device. Power fed into either the series or the shunt arm will not appear at the other if identical loads are placed on the two symmetrical arm*. If the two loads are not identical, unequal reflections will couple part of the input power into the fourth arm. In particular, if one of the loads is perfectly matched, the output power from the fourth arm will be directly proportional to the reflection coefficient of the other load, which is one method of using the junction for an impedance bridge. Alternatively, if one of the two loads is an adjustable calibrated standard, it can be adjusted for zero output from the fourth arm, at which point it must be identical to the other load, whose value can then be determined from the calibration. This latter scheme was used for the shielded two-wire impedance bridge. Because of the unique property of this type of line concerning its ability to support two modes of propagation, the performance of the shielded two-wire hybrid junction will be investigated in more detail Best utilization of the symmetry properties of the junction for use as an impedance bridge can be made by connecting the two impedances to be compared on the symmetrical arms of the junction. Furthermore, because there are two series arms, null detectors will be placed on both of these;
and the single shunt arm will be used for the input. Thus, referring to Fig. 2-1 , the input will be at arm E, the two impedances for comparison on arms A and B, and the detectors on arms C and D. Th£ four junction points will be numbered as shown on the figure; and the positive direction of current flow will be taken into the junction from arm E, and away from the junction for the others. The voltage at each junction point will be specified with respect to the shield, or ground, terminal. The following designations will be made: By the definition of balanced and unbalanced components of voltage and current, and from the arieJrttation of the terminals as shown in Fig. 2-1 , the following definitions may be written: Because of the quarter-wave stub in each E-terminal line,
It is now desired to solve the above equations for the detector voltages and/or currents (V", V_, I_, and I_) in terms of the driving currents I,-,^ and I and the impedances connected to the various arms. In general, these impedances will have to be expressed in terms of impedance, admittance, or reflection-coefficient matrices, relating both balanced and unbalanced components of voltage and current, as outlined in Chapter I. This generality will greatly complicate the solution; and inasmuch as impedances of interest are usually symmetrical, this solution will be restricted to the c-se of no coupling between modes in the terminating impedances --i.e. , P RIT = T\TR = 0-^ these impedances are specified with respect to a reference plane at the actual junction points, and include the effects of the equivalent lumped circuit of the junction as described above, the following relations may be written:
The solution can be carried out in two steps, one with L, = 0 and the other with !".. = 0, and the two combined according to the law of superposition. I. and I R can then be eliminated from (2-2) to give:
And from (2-2),
Combining (2-1) and (2-9),
And combining (2) (3) (4) (5) (6) (7) (8) would also be advantageous to terminate both modes at the detectors in something approaching their characteristic impedances, in order to reduce reflections and standing waves in the detector arms of the hybrid junction.
The only other outstanding assumption involved is that the loads do not couple modes; even if this is not true s qualitative aspects of the performance of the hybrid junction may still be obtained from Eqs . 
